Human tooth enamel is opalescent, which renders teeth bluish in reflected and orange in transmitted color. The aim was to review opalescent property of teeth and application and mimetic reproduction in esthetic restorations. A PubMed search for articles published in English till 2015 on the opalescence of teeth and esthetic materials revealed 29 relevant papers. Opalescence was measured with OP-RT index, which was calculated as the difference in the yellow-blue and red-green color coordinates between the reflected and transmitted colors. Mean OP-RT value of human enamel was 22.9. OP-RT values of direct resin composites changed after polymerization, and the range in these materials was 5.7-23.7. OP-RT value ranges were 1.6-6.1 and 2.0-7.1 for the core and veneer ceramics, respectively. Since the OP-RT values of esthetic materials were lower than that of enamel, it is recommended that materials that can reproduce the opalescence of enamel be further designed.
INTRODUCTION
The nature of incident light plays a major role in determining the amount of light reflected by or transmitted through an object; the perception of an object, therefore, depends on the nature of light 1) . Color, as defined in physics, is light. Based on this premise, the interaction between light and human teeth has been compared to that between light and dental esthetic restorative materials in previous studies 2) . Since an incorrect analysis of the optical behavior of natural teeth may lead to potential clinical problems, light dynamics is a relevant phenomenon with respect to esthetic restorations 1) . In order to design and produce restorative materials that reproduce perfectly the optical properties of natural teeth, a scientific approach for the quantitative characterization of the optical properties of teeth is necessary 3) . The color of a tooth is determined by the paths taken by light inside the tooth, and the absorption of light along these paths; the paths taken by light inside the tooth are determined by light scattering 4) . Light scattering, along with opacity and gloss, influence the perception of tooth color and appearance 5) . When light encounters natural tooth, the interaction of the tooth with the incident light can be described by four phenomena: (1) specular transmission, (2) specular reflection at the surface, (3) diffuse reflection at the surface, and (4) absorption and scattering within the tooth 6) . Basal tooth color is derived from the dentin body, and the tooth enamel works as a modifier of the dentinal color. The thickness of the enamel is a decisive factor for the coloration of the tooth 7, 8) . Human teeth demonstrate opalescence, translucency, and fluorescence, all of which ought to be reproduced by the materials used for esthetic restorations 1, 9) . Dental esthetic restorations should have optical properties similar to natural teeth in terms of opalescence 2, 10) . Human tooth enamel is opalescent, which renders the tooth bluish in reflected color and orange/brown in transmitted color 11, 12) . Opalescent stones, the sky, and tooth enamel appear to have one color when reflecting light and a different color when refracting it, a phenomenon called opalescence 13, 14) . Mineral opal is an aqueous disilicate that behaves like a prism by breaking down transilluminated light into its spectral components by refraction 13, 14) . Light scattering is caused by particles dispersed throughout a translucent substance 11) . Opal is made of a regular three-dimensional array of equalsized spheres. The spheres are composed of amorphous silica (approximately 0.15 µm) cemented together with more amorphous silica in such a way that a difference in refractive indices exists between the spheres and the space between them 15) . When the refractive index constant (ηh/ηl, the quotient of the higher and lower refractive indices) exceeds 1.1, the material shows opalescence 16) . The purpose of this paper was to review the opalescent property of human teeth and the application and mimetic reproduction of this property in dental esthetic restorations based on previously published papers and related references.
METHODS AND SEARCH RESULTS
A literature search of PubMed was performed for articles on the opalescence of teeth and dental esthetic restorative materials such as resin composite and ceramics, excluding those on the bleaching and whitening of teeth or those on dentinogenesis imperfecta, published in English till 2015. The search
Opalescence of human teeth and dental esthetic restorative materials
Yong-Keun LEE results from other major databases such as ISI Web of Science and Scopus were found to overlap with those from PubMed. Additional articles for review were sought by a manual search based on the references of the included papers. The study finally included 29 relevant papers found through the PubMed search, and 24 related references.
RESULTS AND DISCUSSION
Opalescence of teeth and its measurement Different wavelengths of light cause different degrees of translucency in teeth and restorative materials. Upon illumination, tooth enamel transilluminates red shades and scatters blue shades from their bodies; thus, enamel appears bluish despite being colorless 17, 18) . Opalescence is caused by the scattering of the visible spectrum of light, giving the material a bluish appearance in reflected color, and an orange/brown appearance in transmitted color, because the shorter wavelengths of light are scattered more than the longer wavelengths 11) . Blue light is scattered throughout the translucent tooth enamel, and is reflected back as a bluish-white light that is clearly visible as the incisal halo 2, 19) . Hydroxyapatite crystals in the tooth enamel act as scattering particles, causing the opalescence. These hydroxyapatite crystals are 0.16 µm long and 0.02-0.04 µm wide 20) . Opalescence of the tooth enamel brightens the tooth, and renders depth and vitality 17) . Opalescence of the tooth enamel is much more evident in the area of the incisal third, leading to the mistaken assumption by many clinicians that there could be specific areas of opalescence in tooth enamel 18) . This, however, is caused by counteropalescence, a phenomenon in which light penetrates an opalescent object and is reflected from within 20) . This opalescence is responsible for the orange or orange-pink coloration commonly seen at the tips of dentin mamelons and the incisal edges of anterior teeth 18) . For the evaluation of the optical properties in the dental field, the Commission Internationale de l'Eclairage (CIE) color coordinates such as the CIE L* (luminosity), a* (quantity of red-green) and b* (quantity of yellow-blue), and the CIE standard illuminants are generally used 21) . The illuminant D65 represents daylight, with a correlated color temperature of approximately 6,504 K; the illuminant A represents an incandescent or tungsten light source of 2,856 K; and the illuminant F2 represents light from a cool white fluorescent lamp of 4,230 K 22) . As to the indices for the opalescence measurements of teeth and esthetic restorative materials, two indices have been used. One of the indices, OP-RT, is calculated as the difference in the yellow-blue (∆b*) and red-green (∆a*) coordinates between the reflected and transmitted colors measured by spectrophotometers 23, 24) . OP-RT is calculated by the following formula:
where, the subscripts R and T indicate the reflected and transmitted mode, respectively. In this calculation, the reflected color is measured using a zero calibration box (CIE L*=0.0, a*=0.0 and b*=0.0) or a black background to exclude the influence of the color and reflection of the background on the reflected color 24) . Since the thickness of specimen influences the OP-RT value 25 where, the subscripts B and W indicate the black and white background, respectively 3, 18, 26) . Since the OP-BW index has not been validated yet, further studies for its validation are required. Therefore, although two indices have been included in this review, the correlation between two indices is unclear. Since the OP-RT values vary depending on the standard illuminant used in the spectrophotometer 27) , the values relative to the illuminant D65 were basically compared if the illuminant was not specified. As to the statistical significance mentioned in this article, it was considered as significant if the p-value was lower than 0.05.
The OP-RT values of tooth enamel have been previously reported in two studies 28, 29) . In one study 28) , the color of intact bovine and human enamel was measured in the reflectance and transmittance modes. Two spectrophotometers were used to determine the influence of the configuration of the spectrophotometers on the OP-RT values of the bovine enamel, and one spectrophotometer was used for the human enamel since the dimensions of the human specimens were small. The thickness of the bovine specimens was 0.7-1.1 mm, whereas that of the human specimens was 0.9-1.3 mm. The mean OP-RT value of the bovine enamel varied based on the configuration of the spectrophotometers, and was found to be 10.6-19.0. The mean OP-RT value of the human enamel was 22.9. There was no significant correlation between the thickness of the specimens and the OP-RT values of both bovine and human enamel. The opalescence (OP-RT ), and the differences in the color (∆E* ab), lightness (∆L*), and yellow-blue coordinate (∆b*) between the reflected and transmitted colors in the tooth enamel are presented in Table 1 . The correlations between the OP-RT, ∆E* ab, ∆L*, and ∆b* values obtained with a 3-mm aperture are listed in Table 2 . There was a significant correlation between the OP-RT and ∆b* values of the bovine and human specimens. It was concluded that the opalescence varied based on the configuration of the spectrophotometer used for measurement and the origin of the enamel, and that these results should be used in the development of esthetic restorative materials 28) . In the other study 29) , the influence of tooth bleaching on the opalescence of bovine tooth enamel was evaluated. The mean OP-RT value was 18.9 (±1.6) before bleaching and 16.1 (±1.0) after bleaching when the thickness of the specimens was 0.8-1.1 mm. These values were similar to those of the previous study 28) . The OP-RT values also varied by the illuminant employed for the color measurement. Regarding the variations based on the CIE standard illuminant, the , in which the subscripts R and T indicate the reflected and transmitted colors, respectively; ∆L* was calculated as "the CIE L* value in the reflected color-the CIE L* value in the transmitted color"; and ∆b* was calculated as "the CIE b* value in the transmitted color-the CIE b* value in the reflected color". c The standard deviations are in parentheses. Table 3 Opalescence ranges of indirect and direct resin composites, veneer ceramics and bovine enamel by illuminant OP-RT value relative to the illuminant D65 [OP-RT (D65)] was 10.7, the OP-RT (A) was 12.5, and the OP-RT (F2) was 11.7, with a 3×8-mm aperture, for the bovine enamel specimens (Table 3 ) 22, 27) . A method for the clinical quantification of the optical properties of the human anterior teeth was presented 3) . Based on in vivo data, the opalescence (OP-BW) was calculated when white light was incident on the tooth perpendicularly. The OP-BW value of the enamel-dentin complex was reported to be 4.8, and that of enamel, 7.4
3) . However, practical implications of these values should be further studied.
Clinical implications of opalescence 1. Influence on natural-looking restoration A pleasing dental appearance is appreciated by the shade, shape, and arrangement of the teeth and their relationship to facial features 30) . Achieving features similar to those of natural teeth is a common challenge with dental esthetic restorations. Although color matching is a fundamental procedure in performing an esthetic restoration, it is no longer enough to measure color with conventional shade guides, which provides the hue and chroma, but does not take into account the other dimensions of the tooth such as the intensity of the shade, opalescence and characterizations 31) . When resin composites were introduced in dental practice, they began to change the dentists' approach towards esthetic restoration. At first, they simply represented a whiter alternative to unaesthetic materials. However, today, a clinician can select different materials depending on the characteristics required, such as the opalescence, Table 4 Opalescence (OP-RT ), translucency (TP) and masking effect (ME) of resin composites 41) Brand fluorescence, translucency, transparency, viscosity, elasticity and shade 8, 32) . An ideal restorative material should have optical properties similar to those of teeth. The shade components of the teeth and esthetic restorative materials originally included color and translucency 33) ; opalescence was later included as a parameter for the determination of color, in addition to the hue, value, chroma and characterization 34) . Opalescence was reported as a contributor to the vitality of a restoration 35) , and one of the most important issues related to opalescent objects in the dental field, such as tooth enamel, resin composites and some ceramics, is that they may undergo changes in their hue, chroma and value according to the type of light, without affecting their translucency 18) . However, opalescent esthetic restorative materials look natural and esthetic in any light, and react to light in the same manner as a natural tooth does 28) . The development of opalescent dental ceramics has overcome many esthetic problems such as translucency and brightness, and has made possible the simulation of the natural translucency and brightness of tooth 36, 37) .
OP-RT

Influence on masking effect and translucency
Since the materials used for esthetic restorations need to be translucent to resemble natural teeth, these restorations should allow the underlying color to show through. The main factors that determine the translucency of dental ceramics are the multiple scattering of light in the ceramic and the thickness of the restoration, which are also the primary factors affecting light transmission 38) . In dental resin composites too, the same principles apply 37) ; however, the range of the allowed thickness of dental restorations is limited due to the limited dimensions of teeth 39) . Therefore, other optical properties, such as the opalescence and fluorescence, that can mask the underlying color should be actively utilized for masking the discolored teeth or restorations 40) . The opalescence of teeth has been reported to vary by the material and shade of the resin composites, and to contribute to the masking of the background color, along with the translucency 24) . The influence of opalescence and translucency on the masking effect of dental resin composites was determined 41) . The color and spectral distribution of resin composites (1-mm thick) were measured. Translucency parameter (TP) was calculated as TP=[(L B*−LW*) 2 + (aB*−aW*) 2 +(bB*−bW*) 2 ] 1/2 , where the subscript B refers to the color coordinates over a black background, and the subscript W refers to those over a white background in the reflected color 42) . The masking effect (ME) was calculated as the color difference (∆E*ab) between the background (black tile) itself and the color of the specimen over the black background in the reflected color 41) . As indicated in Table 4 , the OP-RT, TP, and ME varied by the brand of the resin composites even though they were under the same shade designation (A2 shade). The masking effect was correlated with the TP values when the TP values of the materials were obviously different (Fig. 1) . However, when the TP values were in a similar range, the opalescent property influenced the masking effect. Thus, the contribution of the opalescence of resin composites on their masking effect could be confirmed quantitatively.
Since it was confirmed that the opalescence of the resin composites contributed to the masking of the background color 41) , the influence of the opalescence and fluorescence of resin composites on their light transmittance was determined as a function of the wavelength of light 40) . The spectral distribution of the resin composites was measured. For the evaluation of the opalescence, the opalescence spectrum (OPS) was calculated as the subtraction spectrum from 410 Fig. 1 Correlation between the translucency parameter (TP) and masking effect (ME ) 41) . to 750 nm (i.e., the spectral values measured in the transmittance mode subtracted at each wavelength from those measured in the reflectance mode). A high value indicated high opalescence. Total transmittance spectral distribution (TSD) was used as the index to indicate the masking ability of the composites. As results, the correlation between the OPS and the TSD varied by the wavelength range [correlation coefficient (r)=−0.86 to −0.94]. Therefore, it was confirmed that the influence of the opalescence and fluorescence of the resin composites on their light transmittance varied by the wavelength of the incident light.
In opalescent dental ceramics, the presence of microparticles has overcome esthetic problems such as translucency and brightness 36) . Opalescent ceramics were introduced, whose opalescence was an improvement over opaque materials when used to mask dark teeth 20) . A highly opalescent ceramic has been proposed for the fabrication of veneers without the need for overt tooth destruction to create a masking ability and without an unsightly opaque appearance 11) .
Opalescence measurement of dental materials 1. Direct filling materials Opalescence of resin composites was determined using a color measuring spectrophotometer 24) . The colors of A2, enamel and the translucent shades of four brands of resin composites and an unfilled resin were measured, and the OP-RT values were calculated. The OP-RT of the resin composites was 5.7-23.7, which was higher than that of the unfilled resin (OP-RT=3.5). Opalescence varied by the brand and shade of the resin composites. The correlations of the OP-RT, and ∆a*, ∆b*, and ∆E* ab values between the reflectance and transmittance measurements were determined. Between ∆b* and the OP-RT, the coefficient of determination [(square of the correlation coefficient (r 2 )] was 0.999, and a regression equation, OP-RT=0.990 ∆b*+0.509 was obtained. The changes in the CIE a* and b* values from the reflected color to the transmitted color are presented in Fig. 2 . The length of the arrow represents the OP-RT value, and the direction of change was predominantly towards yellow and red (+CIE b* and +CIE a*).
Variations in the opalescence (OP-RT ) of indirect and direct resin composites, veneer ceramics and bovine enamel relative to the CIE standard illuminants D65, A and F2 were determined 27) . Ten shades of indirect resin, twelve shades of direct resin, and four shades of veneer ceramics were investigated. As indicated in Table 3 , the OP-RT values were influenced by the illuminant, and the OP-RT values of the restorative materials and bovine enamel under daylight condition (D65) were lower than those under incandescent (A) or fluorescent (F2) lamps. The correlation coefficients (r) between the OP-RT values relative to the different illuminants were higher than 0.961 27) . Influence of specimen thickness on the opalescence of resin composites was evaluated 25) . Disk specimens of three resin composites of A2 shade were prepared with three thicknesses (0.5, 1.0 and 2.0 mm). The color was measured on a reflection spectrophotometer and a color haze meter, and the OP-RT values were calculated. Using the distribution graphs of the transmitted light intensity on a goniophotometer, the diffusion factor (DF), as an indicator for the diffuse transmission property, and the peak gain (G0), for the straight-line transmission There was a weak correlation (r 2 =0.21) between the OP-RT and DF values; however, within the values of the 0.5-mm thick group, the OP-RT value was highly correlated with the DF value (r 2 =0.84). At 0.5-mm thickness, the OP-RT values of the resin composites had a significant correlation with the DF values. In resin composites of thickness greater than 1.0 mm, the opalescence was influenced by the thickness, and the translucency significantly decreased with a significant increase in the opalescence.
Changes after polymerization or aging
Opalescence of indirect and direct resin composites (1-mm thick) before and after polymerization was measured 43) . Resins were packed into molds and light polymerized. A secondary polymerization was performed for indirect composites. The mean OP-RT value for the indirect resin composites was 24.3 before polymerization, which decreased to 19.9 after the secondary polymerization. In case of the direct resin composites, the mean OP-RT value before polymerization was 25.6, which decreased to 12.4 after polymerization (Fig. 3) . Opalescence of the resin materials varied depending on the material, shade group and polymerization. Clinically, these variations should be considered when neighboring teeth are restored with different types of material.
Changes in the opalescence of resin composites after accelerated aging for 150 kJ/m 2 were determined 44) . The color and spectral distribution of seven resin composites (A2 shade; 1-mm thick) were measured. Although the changes in the OP-RT values after aging ranged from −0.50 to 0.74, the opalescence of the resin composites did not change significantly. The changes in the opalescence and translucency of resin composites, glass ionomers, resin modified glass ionomers and compomers (A2 shade, 1-mm thick) were determined after accelerated aging for 150 kJ/m 2 45) . The results indicated that the aging and the type of material influenced the OP-RT values and the translucency significantly ( Table 5 ). The changes in the opalescence of the experimental 2-hydroxyethyl methacrylate (HEMA)-added glass ionomers (HAGI) after 5,000 cycles of thermocycling were determined. The changes in the OP-RT values were in the range of −2.6-9.1 for the HAGIs and 1.1-2.3 for the commercial resin modified glass ionomers (RMGI). The changes in the OP-RT values of the HAGIs were influenced by the HEMA content (10 to 50%) and the powder shade, and were generally greater than those of the RMGIs 46) . The stability of the opalescence of direct and indirect resin composites after 5,000 cycles of thermocycling was determined 47) . One direct (16 shades) and two indirect resin composites (16 and 26 shades) were investigated. The changes of the OP-RT values in the 1-mm thick specimens were −0.6-1.3 for the direct composites, and −2.9-3.7 for the indirect composites. The changes in the OP-RT values varied by the type of resin composite. Aging more significantly affected the fluorescence and opalescence, but not the translucency, of indirect resins compared to those of direct resins.
The OP-BW values of three resin composites were reported 18) . The colors of the disk specimens of resin composites over a black background (direct light) and a white background (indirect light) were compared. As results, one of the resin composites showed variations in its shade based on the background color, while the other two composites remained bluish regardless of the background color, thus demonstrating their lack of opalescence. Therefore, it is has been argued that it is crucial to use opalescent resin composites to reproduce the bluish shade of the incisal third. However, numerical values were not provided, and the correlation of the OP-BW values with the OP-RT values is unclear.
Ceramics
Opalescence of all-ceramic core, veneer and layered specimens was determined 12) . The color of the allceramic core (A2 corresponding shade), veneer (A2 and A3 corresponding shades), and layered (A2 and A3 layered) ceramics in clinically relevant thicknesses were measured. The ranges of the OP-RT values, all of which were influenced by the type of the material, were determined to be 1.6-6.1, 2.0-7.1, 1.3-5.0, and 1.6-4.2 for the all-ceramic core, veneer, A2-layered, and A3-layered Table 5 Opalescence and translucency before and after aging Table 4 . b BA=before aging, AA=after aging for 150 kJ/m 2 . c The standard deviations are in parentheses. Fig. 4 Vectorial shift of the CIE a* and b* values from the reflected to the transmitted colors for the A2-layered specimens 12) .
ceramics, respectively. Since the OP-RT values of the investigated ceramics were lower than those of tooth enamel, it was recommended that all-ceramic materials that can reproduce the opalescence of the natural tooth be developed 12) . The mean OP-RT value of bovine enamel 28) , based on 0.7-to 1.1-mm thick specimens, was reported to be 10.6. The changes in the CIE a* and b* values between the reflected and the transmitted colors for the A2-layered specimens are presented in Fig. 4 . It was clear that the transmitted color shifted towards red, but the shift of the yellow-blue coordinate (CIE b*) varied depending on the type of the ceramics. Compared with the resin composites (Fig. 2) , the amount of shifts in the CIE a* and b* values were small. However, while making this comparison, the influence of the difference in the specimen thicknesses among resin composites and ceramics should be considered.
The optical parameters of VM7 M-shade based dentin ceramics for all ceramic restorations were compared based on their chemical composition across the VITA 3D-MASTER shade system (1M1 to 5M3 shade, 1-mm thick) 48) . The spectral light transmittance and reflectance over a black background were recorded by a spectrophotometer. Systematic variations in the optical properties were observed throughout the 3D-MASTER shade system, and were supposed to be caused by the interference of the fine structure of the ceramics with the shorter wavelengths in the visible spectrum. The OP-RT values, ranging between 5.3 and 12.1, varied by the shade of the ceramic, and increased with the increase in the chroma from the M1 to M3 shades, when compared within the same value group. The OP-RT values increased with an increasing value number from groups 1 to 5, when compared within the same chroma group. The correlation coefficient between ZrO 2, Y2O3, and the sum of ZrO2 and Y2O3 concentrations with the OP-RT values was 0.74, 0.85, and 0.77, respectively 48) . The OP-BW values of CAD-CAM ceramic systems were reported 26) . Specimens (1-mm thick) of shades A1, A2, and A3 were fabricated from six brands of ceramic blocks. A spectrophotometer was used to measure the CIE color coordinates on white and black backgrounds. The OP-BW values were found to range from 3.0-7.6, and the microstructure of the ceramic systems was found to influence the optical properties. However, the OP-BW values were not comparable with the OP-RT values reported in previous studies.
Influence of material variables on opalescence 1. Resin composites
The influence of the size and amount of the filler on the difference between the reflected and the transmitted colors of experimental resin composites (1-mm thick) was determined 49) . Two silanized fillers of different sizes were added into the resin matrix. The median grain size of the large filler (LG) was 0.77 µm, and that of the small filler (SG) was 0.50 µm. The LG fillers were added at concentrations of 10-70% weight, and the SG fillers, at 10-50% weight. An unfilled resin was used as a reference.
The OP-RT values, which varied by the size and amount of filler, were found to range from 1.0-5.7. The OP-RT values and the concentration (%) of the LG filler showed significant correlation; however, there was no such correlation observed in case of the SG filler (Table 6) . Therefore, the optimization of the filler size and amount to modify the opalescence of resin composites should be studied further, while also considering the effect of the filler on the mechanical properties of the resin. Since the previous experimental composites had shown insufficient OP-RT values compared to that of tooth enamel 49) , the influence of the addition of titanium dioxide nanoparticle (TiO2, <40 nm) on the opalescence of experimental resin composites was determined 50) . Silane-coated glass filler (mean particle size: 1.55 µm) was added at a concentration of 50% weight of the resin composites, and TiO 2 nanoparticles were added at concentrations of 0, 0.1, 0.25 and 0.5% weight. The reflected and transmitted colors of 1-and 2-mm thick specimens were measured. In case of the 1-mm specimens, when the TiO 2 concentration increased from 0 to 0.5%, the OP-RT values increased from 2.4 to 18.0 (Fig. 5) . The OP-RT values were significantly influenced by the thickness of the specimens. Additionally, the addition of the TiO 2 nanoparticles significantly increased the opalescence of the resin composites. It was concluded that the resin composites with 0.1 to 0.25% TiO 2 nanoparticles could simulate the opalescence of human enamel.
The influence of the scattering and absorption characteristics, including opalescence and translucence, on the CIE color coordinates of resin composites was determined 51) . The color and spectral distribution of seven commercial resin composites (1-mm thick) of a total of fourteen shades, including A2, and the incisal or translucent shades, were measured, and the optical constants were calculated using the Kubelka equations. The CIE L*, a*, and b* values were found to be influenced by the scattering (S) and absorption coefficients (K), and the light reflectivity (RI ), translucency parameter (TP), and OP-RT values. The CIE b* values were correlated to the OP-RT values of different composites with the same shade designation (Fig. 6 ). Since the scattering and absorption characteristics influence the color of the resin composites, the size and volume fraction of the fillers should be optimized for the best color reproduction, considering the refractive indices of filler and resin matrix 51) .
Ceramics
The presence of dispersed particles or phase-separated glass was found to cause opalescence in dental porcelains 37) . The number and size of the particles affect the scattering of light. When the size range of the internal phase is similar to the wavelength of blue light, only the blue-violet light is reflected or refracted from the particle. Therefore, the blue light gets preferentially deviated from straight-line transmission through the material, unlike the longer, red-orange wavelengths 37) . The key factors for the maximization of the opalescence of materials are as follows: (1) the presence of one or more internal phases of 380-500 nm; (2) a large difference in the refractive index of refraction between the matrix and the internal phase; and (3) a high dispersion in one or all of the internal phases 37) . A ceramic system has been developed that combined dental-ceramic engineering and fiber-optic technology 52) . This system results in optical properties that emulate those of nature more closely than ever before. The enhanced opalescence and fluorescence, combined with the optical clarity, results in a color-reactive ceramic that looks natural and esthetic in any light, and reacts to light in the same manner as does natural dentition 52) . The microstructures of teeth, natural opals, and opal dental enamel ceramics were compared to examine the mechanisms that cause opalescence 37) . Four dental ceramics, a natural opal mineral, and human teeth were examined. The replicas were assessed by transmission electron microscopy for features that would cause opalescence. X-ray diffraction and color analyses of the ceramics were performed. All of the materials were found to be opalescent to varying degrees. The ceramics, with fewer microscopic features, were less opalescent. The presence of dispersed particles or phase-separated glass was found to cause opalescence in dental porcelains. The phase-separated glass in one of the enamel porcelains was reported to best resemble the microstructure of natural opal mineral and teeth, and this was determined to be the most opalescent material.
The effect of the frequency of coloring liquid applications on the optical properties of monolithic zirconia was investigated 53) . Monolithic zirconia specimens (2.0-mm thick) were divided into six groups based on the number of coloring liquid applications. The opalescence (OP-RT) values of each group were calculated. The CIE L* (r 2 =0.878) and the OP-RT values (r 2 =0.701) were found to decrease with an increase in the number of coloring liquid applications, whereas the CIE b* values (r 2 =0.938) were found to increase. A strong correlation was found between the OP-RT and ∆b* values (r 2 =0.982). It was concluded that the number of applications of coloring liquids of a single shade affects the brightness, yellow chromaticity, and opalescence of monolithic zirconia.
CONCLUSIONS
The opalescence of tooth enamel brightens the tooth and renders depth and vitality. The mean OP-RT value of human enamel has been reported to be 22.9, and it has been found to vary depending on the instrumental configuration. The OP-RT values also vary by the thickness of specimen. The OP-RT values of restorative materials (resin composite and ceramic) and bovine enamel under daylight condition (D65) was lower than those under incandescent (A) or fluorescent (F2) lamps. The OP-RT values of direct resin composites (5.7-23.7) were reported to be higher than that of unfilled resin (3.5). In the case of direct composites, the mean OP-RT value before polymerization was 25.6, which decreased to 12.4 after polymerization. The ranges of the OP-RT values were 1.6-6.1 and 2.0-7.1 for the all-ceramic core and veneer ceramics, respectively. Since the OP-RT values of several resin composites and ceramics were lower than that of tooth enamel, it is recommended that composite and ceramic materials that can reproduce the opalescence of natural teeth be designed by adjusting the composition of filler and matrix phase.
